The majority of tumors trigger macrophage reprogramming from an anti-tumor M1 phenotype towards a protumor M2 phenotype. The M2 phenotype promotes tumor growth. We hypothesized that increasing the number of M1 macrophages in a tumor would limit carcinogenesis and extend the lifespan of the tumor host. The aim of this study was to verify this hypothesis in Ehrlich ascites carcinoma (EAC). The objectives were to evaluate effects of 1) EAC on a macrophage phenotype and NO-producing macrophage activity in vivo; 2) ascitic fluid from mice with EAC on a macrophage phenotype and NO-producing macrophage activity in vitro; and 3) in vitro reprogrammed M1 macrophages on lifespan of mice with EAC.
Background
More than 200 types of cancer exist. Each disease is specific but practically all tumors share a common mechanism -protumor transformation of the immune response. As a result of this transformation, immune cells lose their ability to destroy tumor cells and may even begin promoting tumor growth and dissemination [1] [2] [3] .
Macrophages play a key role in disorders of the immune response in carcinogenesis [1] [2] [3] . Macrophages located in the tumor growth area are called tumor-associated macrophages (TAM). Depending on the microenvironment created by the growing tumor and lesion tissue, macrophages acquire a M1 or M2 phenotype [2] . The M1 phenotype of TAM (TAM-M1) exhibits anti-tumor features and contributes to destruction of the tumor by means of nitric oxide (NO) production [4] , secretion of proinflammatory cytokines [5] [6] [7] , activation of natural killer cells [8] , and presentation of tumor antigens to lymphocytes [9] . However the majority of tumors, especially malignant ones, trigger mechanisms of macrophage reprogramming. Tumor cells begin producing anti-inflammatory cytokines TGF-b1, IL-4, IL-10, and PGE2 [10] [11] [12] , which restrict production of anti-tumor factors, such as NO, TNF-a, and IFN-g, and reprogram macrophages towards the M2 pro-tumor phenotype [13] . Furthermore, tumor cells deteriorate the antigen-presenting function of macrophages [14] [15] [16] . As a consequence, macrophages that migrate to the tumor area specifically to destroy tumor cells become tumor "team-mates". The M2 phenotype of TAM (TAM-M2) suppresses the anti-tumor immunity, promotes growth and vascularization of the tumor, as well as tumor cell invasion and cancer dissemination [1] [2] [3] . Indeed, according to clinical and experimental data, the amount of TAM-M2s in the tumor area correlates with a poor prognosis during tumor growth [1, 17] . Recently, the concept of a continuum has been proposed [18] . This concept implies that the TAM phenotype varies along a continuous proinflammatory spectrum, in a range from M1 (anti-tumour) to M2 (pro-tumour).
Based on these data, we suggested that M1 macrophages accumulating in the tumor area could limit carcinogenesis and extend the lifespan of the tumor host. The aim of the study was to verify this hypothesis with respect of Ehrlich ascites carcinoma (EAC). The objectives of the study were to evaluate effects of 1) EAC on a macrophage phenotype and NO-producing activity of macrophages in vivo, 2) ascitic fluid from mice with EAC on a macrophage phenotype and NO-producing activity of macrophages in vitro, and 3) macrophages reprogrammed in vitro towards the M1 phenotype and activated with LPS on the lifespan of mice with EAC.
Material and Methods

Experimental animals
Experiments were performed on C57BL/6J mice. Mice were obtained from the vivarium Andreevka (Moscow, Russia) (http:// andreevka.msk.ru/index.htm). All experiments were designed and performed in accordance with the WHO guidance for biomedical research in animals (http://www.cioms.ch/publications/guidelines/1985_texts_of_guidelines.htm). The protocol of experiments was approved by the University Ethics Committee. All mice in experimental groups died because of tumor progression.
EAC
Antitumor properties of reprogrammed macrophages were evaluated on an experimental model of Ehrlich ascites carcinoma (EAC). The EAC model was developed in 1905 by transplantation of spontaneous mouse mammary carcinoma [19] . The ascites variant of this strain was obtained in 1933 by transplantation of the subcutaneous strain into the abdominal cavity. Tumor growth was initiated by an intraperitoneal injection of EAC cells. EAC cells were obtained from the N.N. Blokhin Russian Cancer Research Center. Mice were injected intraperitoneally with 250,000 EAC cells diluted in 0.2 ml of saline. The EAC growth curve consisted of 3 periods, including a lag phase (1-5 days after EAC cells injection), log phase (6-10 days), and terminal period (11-15 days) followed by death of the tumor host [19] . All mice were weighed daily until their death. Resistance of mice to EAC was assessed by survival time after the EAC cell injection and changes in the animal weight, which reflected ascitic fluid accumulation in the peritoneal cavity, cachexia and muscle wasting.
Determination of the ascitic fluid EAC cells to macrophages ratio (EAC cells/macrophages ratio) in peritoneal cavity
Ascitic fluid was withdrawn from mice with a syringe on the day of EAC cell injection and on the 11 th day after the injection. Cells isolated from the ascitic fluid were counted using a hemocytometer. The cells were placed in a 24-well plate at 1000 cells/ml/well and incubated for one hour at 37.5°C and 5% CO 2 . Over this period, all macrophages, as distinct from tumor cells, became firmly fixed to the bottom of the wells. The plate was then vortexed, the content of the wells was pipetted and all supernatant was collected. Cells were counted in the supernatant. Cells of the supernatant were represented mainly by tumor cells which did not adhere to the plastic. The EAC cells/macrophages ratio was calculated by formula: (quantity of EAC cells)/(1000-quantity of EAC cells)".
Assessment of changes in macrophage phenotype and secretory activity
Peritoneal macrophages were isolated from mice [20] on the 11 th day after the EAC cells injection to evaluate the effect of EAC on the macrophage phenotype and secretory activity. After isolation, macrophages were placed into wells of flat-bottomed 48-well culture plates containing RPMI-1640 medium with 10% serum (FBS) with 100 U/ml penicillin and 100 µg/ml streptomycin at 37°C and 5% CO 2 . Macrophages were dispensed into wells containing 0.5 ml of culture medium each at 0.5×10 6 cells per well. Secretory activity of macrophages was assessed by NO production. For evaluation of basal NO production, macrophages were cultured for 24 hours; for evaluation of stimulated NO production, lipopolysaccharide (LPS) 500 ng/ml was added for 24 hours. Concentration of nitrite, a stable NO metabolite and an index of NO production, was measured in macrophage culture medium [21] . Nitrite was measured spectrophotometrically using the Griess reaction [22] .
Shifts of macrophage phenotype were assessed by changes in NO production as well as by amounts of CD80, a cell-surface marker of M1 phenotype, and CD206, a marker of M2 phenotype [23] . The CD markers were measured by flow cytometry using monoclonal antibodies to CD80 (Beckman Coulter, cat # 12-0801-82, PE) and CD206 (Beckman Coulter, cat # FAB2535P, PE) [24] according to the manufacturer's instructions. The amount of macrophages with M1 and M2 CD markers was expressed in per cent of total macrophage number. Increased levels of NO and M1 phenotype CD markers indicated formation of the M1 phenotype, whereas decreases in these indices indicated formation of the M2 phenotype [23] .
Evaluating the effect of ascitic fluid on secretory activity of cultured macrophages Ascitic fluid was collected into a syringe on 11 th day after the EAC cells injection. Concentration of nitrite in ascitic fluid was measured spectrophotometrically using the Griess reaction [22] . The macrophage culture medium was then replaced with the ascitic fluid, and basal and stimulated macrophage NO production was assessed.
Evaluating the effect of EAC cells on secretory activity of cultured macrophages EAC cells were added to the culture medium at 500×10 3 . Basal and stimulated macrophage NO production was evaluated as described above. Since in the culture medium and the medium after culturing tumor cells (without macrophages), the nitrite concentration was below the quantification limit (less than 2-3 µmol/l), it is reasonable to consider the changes in co-culture nitrite reflecting changes in macrophage NO production.
Methods of in vitro macrophage reprogramming towards M1 phenotype and activating with LPS
Macrophages were reprogrammed towards the M1 phenotype using two reprogramming factors, 0% FBS [25] and 20 ng/ml IFN-g [22] . Macrophages were isolated from intact mice and divided into four groups. 1. Macrophages cultured for 36 hours under the standard conditions with 10% FBS (non-reprogrammed and non-stimulated macrophages). 2. Macrophages cultured for 36 hours without FBS, with IFN-g 20 ng/ml (reprogrammed in vitro towards M1 phenotype and non-stimulated macrophages). 3. Macrophages cultured for 12 hours under the standard conditions with 10% FBS and then stimulated with LPS (500 ng/ ml) for 24 hours (non-reprogrammed and stimulated with LPS macrophages). 4. Macrophages incubated for 12 hours without FBS, with IFN-g 20 ng/ml and then stimulated with LPS (500 ng/ml) for 24 hours (reprogrammed in vitro towards M1 phenotype and stimulated with LPS macrophages).
To confirm the effectiveness of macrophage reprogramming towards the M1 phenotype, we measured NO production, proand anti-inflammatory cytokines, and CD-markers of the phenotype. Concentrations of the M1 proinflammatory cytokines, IL-2, IL-6, IFNg, TNF-a, and the M2 anti-inflammatory cytokines, IL-5 and IL-10 [19, 26, 27] , were determined by flow cytometry (Beckman Coulter FC500, USA) using a specific multiplex kit (BMS810FF, BenderMedSystems, USA) according to the manufacturer's instructions.
Methods of removing macrophages from the plates and injecting into the peritoneal cavity of mice
Macrophages from Groups 1, 2, 3, and 4 were removed from the bottom of culture wells using trypsin [28] and injected intraperitoneally to intact and EAC mice. The culture medium was aspirated from the wells and then 1 ml of 0.25% trypsin solution with 0.03% EDTA was added to the wells. Plates were incubated at 37°C for 3 min. Then plates were shaken up. One ml of culture medium was then added to each well and the plate was shaken up. The liquid from the wells was decanted into tubes, and 1 ml of culture medium was added to each well again. The plate was shaken up once more and the liquid was placed into the same tube. The tubes were centrifuged for 5 min at 1000 rpm. Then the supernatant was removed from the tube. Cell pellet was resuspended with 1 ml of culture medium and pipetted to obtain a suspension of macrophages. The macrophage concentration was adjusted to 1×10 6 cells per 1 ml of culture medium with the RPMI-1640 medium (solution A).
Solution A was used to prepare a macrophage suspension at a concentration of 4×10 6 cells in 0.5 ml PBS (solution B). Each mouse was injected with solution B intraperitoneally on days 3, 7 and 11 after the EAC cell injection. We formed 5 groups each containing 16 mice: 1. "Tumor" group, mice injected with EAC cells; 2. "Tumor + PBS" group, mice injected with EAC cells with subsequent infusion of PBS 0.5 ml at 3, 7 and 11 days; 3. "Tumor + M0-Mac" group, mice injected with EAC cells with subsequent injections of a suspension of 4×10 6 non-reprogrammed and stimulated with LPS macrophages in 0.5 ml of PBS on days 3, 7 and 11 of the experiment; 4. "Tumor + M1-Mac" group, mice injected with EAC cells with subsequent injections of a suspension of 4×10 6 reprogrammed in vitro towards M1 phenotype and stimulated with LPS macrophages in 0.5 ml of PBS on days 3, 7 and 11 of the experiment; 5. "Tumor + cisplatin" group, mice injected with EAC cells with subsequent infusion of 0.05 ml of cisplatin (0.5 mg/ml), an antitumor drug [29, 30] , on days 3, 7 and 11 experimental days. Cisplatin has been often used as a reference drug [31] .
The effect of the injected macrophages and cisplatin was evaluated based on changes in body weight and lifespan of mice with EAC.
Statistical analyses were performed using analysis of variance followed by Student-Newman-Keuls test. Data are presented as mean (M) with standard errors of the mean (±SEM). Differences were considered statistically significant at p<0.05.
Results
Changes in the phenotype and secretory activity of macrophages in mice with EAC After tumor cells emerge in the body, two processes are initiated at the same time, tumor cells division and migration of macrophages to the tumor growth area. These processes result in increased amount of tumor cells and macrophages. We found that after the tumor cell injection into mice, the division rate of tumor cells exceeded the rate of macrophage migration to the tumor area. In result, on the day of EAC cell injection, the ratio of EAC cells to macrophage number in the peritoneal cavity was 0.5, and on day 11 it was 1.5 (Table 1) . Table 1 shows that the increases in the tumor cells/macrophages ratio in EAC are associated with a 50% decrease in nitrite concentration in the peritoneal cavity and inhibition of the macrophage capability for synthesizing NO both in the basal conditions and under the LPS stimulation. In the terminal phase (day 11) of EAC, the basal NO macrophage production (estimated by nitrite concentration) was decreased 3-fold whereas the stimulated production was decreased 4-fold as compared with the day of EAC cell injection (day 0).
Low NO production is a marker of pro-tumor, M2 phenotype [23] . Therefore, we can conclude that EAC shifts the murine macrophage phenotype towards the M2, pro-tumor phenotype. The pro-tumor shift of phenotype is confirmed by CD markers of the macrophage phenotype. At the end stage of EAC, macrophages expressed more CD markers of the M2 phenotype, CD206, and less markers of the M1 phenotype, CD80, as compared with macrophages from mice without EAC (Table 1 ). The decline of ascitic nitrite concentration during the EAC growth might also reflect reduced NO-producing activity of the M2 phenotype.
Effects of ascitic fluid and EAC cells on secretory activity of cultured macrophages
Reprogramming of EAC mice peritoneal macrophages towards the M2 phenotype may occur under the influence of various ascitic factors and EAC cells. We separately evaluated the effect of ascitic fluid and EAC cells on secretory activity of cultured macrophages isolated from mice without EAC. The results are presented in Table 2 . Ascitic fluid and EAC cells inhibited the NO-producing activity of cultured macrophages (estimated by nitrite concentration). Thus, the basal NO production decreased by 50% and the stimulated NO production -by 20% under the action of ascitic fluid. EAC cells decreased the basal NO production by 27% and the stimulated NO production by 29%.
Thus, factors soluble in ascitic fluid from EAC mice and EAC cells contribute to macrophage reprogramming towards the M2 phenotype and decrease the NO-producing activity of macrophages.
In vitro macrophage reprogramming towards M1 phenotype
Results of this study provided above showed that EAC macrophages reprogrammed towards the M2 phenotype significantly reduced their NO-producing activity in vivo whereas the ascitic fluid and EAC cells exerted the same effect in vitro. These results suggested that M1 macrophages with high NO-producing activity injected into mice with EAC would limit the EAC growth. To confirm the effectiveness of macrophage reprogramming we also evaluated the secretory activity of LPS-stimulated macrophages by cytokine production. Macrophage reprogramming towards the M1 phenotype resulted in reduced production of the anti-inflammatory cytokines, IL-5 and IL-10, and increased production of the proinflammatory cytokines, IL-2, IL-6, TNF-a and INF-g, as compared with the cytokine production by nonreprogrammed macrophages (Table 3 ). All these changes in cytokine levels were statistically significant (p<0.001). The most noticeable effects of reprogramming were an almost 3.5-fold increase in the level of the proinflammatory cytokine, IL-2, and an almost 50% decrease in the level of the anti-inflammatory cytokine, IL-5 (Table 3) . Such change in the cytokine production is a feature of macrophage reprogramming towards the M1 phenotype [32] . Secretory activity specifically of LPSactivated macrophages was evaluated for two reasons. First, phenotypic differences are most evident in activated macrophages (e.g., see Figure 1 ); and second, these were, specifically, LPS-activated, reprogrammed macrophages that were injected into mice with tumor to restrict the tumor growth.
The phenotype shift towards M1 was confirmed by changes in expression of CD markers. After reprogramming, macrophages expressed more CD80, the M1 phenotype surface marker, and less CD206, the M2 phenotype marker, than macrophages before reprogramming (Table 3 ). Thus, the analysis of macrophage phenotype markers, such as NO and cytokine production and expression of surface CD markers, allowed us to consider the suggested model as an appropriate in vitro model of macrophage reprogramming towards the M1 phenotype.
Macrophages reprogrammed in vitro towards the M1 phenotype and activated with LPS extend lifespan of mice with EAC Figure 2 shows effects of injected macrophages and cisplatin on lifespan of mice with EAC in Kaplan-Meier survival plots. The survival duration of mice injected with EAC cells was 13.6±0.2 days ("Tumor" group) whereas the survival duration of mice injected with macrophages reprogrammed towards the M1 phenotype and stimulated with LPS ("Tumor + M1-Mac" group) was 22.8±0.8 days (p<0.01), i.e., 68% longer than in the "Tumor" group. Survival duration of mice injected with macrophages reprogrammed towards the M1 phenotype and stimulated with LPS was longer than survival duration of mice injected with the antitumor drug cisplatin («Tumor + cisplatin» group).
Infusion of PBS ("Tumor + PBS" group) or non-reprogrammed, LPS-stimulated macrophages ("Tumor + M0-Mac" group) did not significantly influence the survival duration in mice with EAC.
The toxic effect of EAC in all groups was evident as progressive ascitic fluid accumulation in peritoneal cavity and, therefore, Table 3 . Effect of reprogramming (0%FBS + IFN-g) on macrophage production of pro-and anti-inflammatory cytokines.
Statistical significance vs. non-reprogrammed macrophages + LPS: * p<0.001; ** p<0.001. non-reprogrammed and stimulated with LPS macrophages in 0.5 ml of PBS on days 3, 7 and 11 of the experiment; "Tumor + M1-Mac" group, mice injected with EAC cells with subsequent injections of a suspension of 4×10 6 reprogrammed in vitro towards M1 phenotype and stimulated with LPS macrophages in 0.5 ml of PBS on days 3, 7 and 11 of the experiment; "Tumor + cisplatin" group, mice injected with EAC cells with subsequent infusion of 0.05 ml of cisplatin (0.5 mg/ml), an antitumor drug, on days 3, 7 and 11 experimental days. increasing body weight of mice. However, in mice injected with macrophages reprogrammed towards the M1 phenotype and stimulated with LPS ("Tumor + M1-Mac" group), the body weight increased by 6.5±1.1% at 11 days of EAC development from the 1 st day, whereas in mice not injected with macrophages ("Tumor" group), the body weight increased by 12.7±1.8% (p<0.01), i.e., twice as much as in macrophagetreated mice. Figure 3 shows mice on day 11 after the EAC cell injection. It is obvious that peritoneal accumulation of ascitic fluid was significantly less severe in mice injected with macrophages reprogrammed towards the M1 phenotype and stimulated with LPS than in mice not injected with macrophages.
Infusion of PBS ("Tumor + PBS" group) or non-reprogrammed, LPS-stimulated macrophages ("Tumor + M0-Mac" group) did not significantly influence the weight gain of mice with EAC.
Therefore, injection of macrophages reprogrammed in vitro towards the M1 phenotype and stimulated with LPS significantly increased the resistance of mice to development of EAC, which is confirmed by differences in survival duration and peritoneal accumulation of ascitic fluid between mice injected and not injected with macrophages.
Discussion
The experimental EAC model reproduces an important aspect of many human malignancies-accumulation of ascitic fluid in the abdominal cavity. Considerable accumulation of ascitic fluid occurs in ovarian, pancreatic, gastric, and colorectal malignancies [33] [34] [35] . Development of these tumors is associated with accumulation in ascitic fluid of large amounts of macrophages [36] that have the M2 phenotype [37] , especially the M2 macrophages that play an important role in depression of immune response and tumor cell proliferation [37] . For this reason, reprogramming of tumor-associated macrophages from the protumor M2 to the antitumor M1 phenotype is now beginning to be considered a promising approach to restriction of tumor growth [38, 39] .
This study demonstrated that the microenvironment, which is formed by experimantal EAC around peritoneal macrophages in vivo, and ascitic fluid or EAC cells added to macrophages in vitro provide macrophage reprogramming towards the M2 phenotype. These findings are consistent with reported data on pro-tumoral effects of the M2 macrophage phenotype [40, 41] . At least two groups of ascitic factors participate in the macrophage reprogramming towards the M2 phenotype: first, immune factors, such as the anti-inflammatory cytokine, IL-10 secreted by EAC [42] , and, second, physical and chemical factors, such as hypoxia [43] and changed pH [44] , which always accompany tumor growth [45] .
The main result of the study was that the macrophages reprogrammed in vitro towards the M1 phenotype and activated by LPS prolonged the lifespan of mice with EAC. The antitumor effect of these macrophages in EAC is consistent with the view that M1 macrophages possess antitumor properties [24, 40, 41, 46] .
Our findings and data in the literature allow us to understand mechanisms that restrict EAC growth and extend the lifetime after the injection of exogenous LPS-activated M1 macrophages into the area of tumor growth. First of all, our results confirm well-known data that M1 macrophages have a great capability for NO production. NO plays a dual role in carcinogenesis. On one hand, NO can induce apoptosis of tumor cells by inhibiting synthesis of anti-apoptotic Bcl-2 and increasing expression of proapoptotic Bax and p53 [4] , and, thereby, exerting anti-tumor effects [47, 48] . However, on the other hand, NO can hamper development of apoptosis in tumor cells and exert a pro-tumoral effect due to caspase nitrosylation [49, 50] and/or activation of HSP70 synthesis [51, 52] . Local concentrations of NO and free radicals in the tumor zone determine the interaction between NO and its metabolites and DNA, DNA repair systems, the tumor suppressor, p53, and other activators and inhibitors of tumor cell apoptosis. These interactions, in turn, will determine pro-or antitumor effects of NO [53] . In our study, the injection of LPS-activated M1 macrophages with high NO-producing activity extended the survival time of mice with EAC. Therefore, in this case, we observed an anti-tumor effect of NO.
Activated M1 macrophages can limit tumor cell growth, not only through NO production, but also through other mechanisms, such as increased production of pro-inflammatory cytokines [7, 48] ; free radicals [47] ; activation of natural killer cells, which can effectively destroy tumor cells [54, 55] ; and presentation of tumor antigens and formation of Th1 and cytotoxic lymphocytes [56, 57] , which infiltrate the tumor and kill tumor cells [9] . Indeed, in our experiments, reprogrammed M1 macrophages produced more proinflammatory cytokines, including IL-2, IFN-g, and TNF-a, which possess well-described antitumor properties, and significantly less L-5 and IL-10, which possess protumor properties, compared to non-reprogrammed macrophages [58] .
At present, we cannot determine which of the above-mentioned mechanisms mediates the effect of exogenous LPS-activated M1 macrophages on the EAC growth limitation. However, the substantial prolongation of mouse lifetime after an injection of these macrophages suggests that promising biotechnologies for restriction of tumor growth could be developed based on the in vitro macrophage reprogramming. The promising nature of this direction was demonstrated for the first time by Andreesen et al. [59] and Allavena et al. [60] , and then confirmed in studies of Hagemann et al. [61] and Coscia et al. [62] .
Conclusions
EAC reprograms macrophages towards the pro-tumor M2 phenotype and significantly decreases their NO-producing activity.
Culturing without FBS but with added INF-g reprograms macrophages towards the M1 phenotype and significantly increases the basal and stimulated macrophage NO production. Macrophages reprogrammed in vitro towards the M1 phenotype and activated by LPS extend the survival duration of mice with EAC. This effect was superior to that of the known antitumor drug, cisplatin.
